In this paper a fivefold twinning silver nanowireis mechanically tested in real time within a transmission electron microscope using an atomic force microscopy sensor. Our experimental setup allows to measure, by bending the silver nanowire, the elastic modulus (E), the fracture toughness (K IC ) and the stress intensity factor (σ I ) for elastic and plastic deformation regions and finally the fracture of the nanowire. Data of the force applied and the bending of the nanowire was recorded during the deformation and after the point of fracture. Mechanical properties the nanowire were extracted and compared withnanoindentation using atomic force microscopy.
1.Introduction
In situ transmission electron microscopy (TEM) has opened the possibility to measure physical properties individually in nanostructures. Mechanical properties measured at nanoscale reveal modified regimes compared with their macroscale counterparts, such is the case of metallic nanoparticles and atomic-layers of transition metal dichalcogenides [1] [2] . In addition, at nanoscale gravity forces is not appreciable and the surrounding forces of metallic nanoparticlescan be measured with an experimental setup in which an atomic force microscopy (AFM) tip is coupled in a TEM sample holder [3] . Other metallic nanowires are also subject to be studied within a TEMto measure other physical properties such as magnetic behavior and their in situ magnetization by exciting the objective lens [4] . In this way, Silver (Ag) nanowires (NWs) have a special interest for measuring physical properties at individual motifs due to their optical properties. For instance Ag-NWs show interesting physical properties [5] [6] [7] and are good candidates for a large variety of applications such asplasmonic devices [8] [9] , plasmonic waveguides [10] [11] and biosensors [12] [13] . Different methods of synthesis have been reported a good control of their aspect ratio and how it can change their physical properties [14] [15] [16] . Novel techniques on the testing of the mechanical properties of nanostructures have been developed in recent years to perform resonance [17] [18] [19] , bending [20] [21] [22] [23] and tensile [24] [25] tests. Previous research on the mechanical properties of the nanowires has not reported the live feedback of the behavior of the material during fracture after plastic deformation.Chen et al. [26] performednanomechanical bending behavior and theoreticalcalculation of the elastic modulus of the silver nanowires using atomic force microscopy (AFM). However, there is few experimental research done on the failure and fracture of nanowires, for instance Wu et al. [27] performed three point bending on Ag NWs to observe the plastic deformation of hardened silver nanowires in an atomic force microscope. In this work we report the elastic and plastic deformation until failure of an Ag-NW throughan AFM holder coupled within a transmission electron microscope to perform a mechanical three point bending test. Video of the test was recorded where the mechanical deformation of NW begins and ends with total fracture. Detailed information of the force exerted by the tip until failure, the stress intensity factor, and the fracture toughness of the Ag NWs was measured form the recorded data. Additionally, the mechanical properties measured in TEM were compared via nanoindentationperformed in an atomic formce microscope.
Experimental Methods
Silver nitrate (AgNO 3 ), poly (Vinyl Pyrrolidone) (PVP, Mw= 55 000) and Ethylene Glycol (EG)were supplied by Sigma-Aldrich and used without further purification. Silver nanowireswere synthetized by using polyol [28] . The synthesis methodology has been performed as follow: 5 ml of ethylene glycol was preheated at 160°C for 1 h under magnetic stirring in a rounded bottom flask, then 3 mL of AgNO3 (0.1 M, in EG) and 3 mL of PVP (0.15 M, in EG) were simultaneously dropped into the hot solution (~ 0.2 mL/min). The reaction was let to boil for an additional 30 min. The solution changed from yellow to greenish gray indicating the formation of the Ag NWs. Subsequently the product is cooled at room temperature and washed with ethanol three times and two times with acetone follow by centrifugation at 1500 rpm during 15 min. Finally, the precipitate is dispersed in ethanol and a glossy gray solution is observed.
These nanowires characterized by their pentagonal cross section and large aspect ratio are shown in Figure 1 . The changes in the coloration of the colloidal solution serves as a control during the growth of nanowires. In Figure 1 
Results and discussion
As measured from the recorded video, individual images were extracted frame by frame as TEM images, the beam length between supported ends (L) was 475 nm. The average diameter (D) measured in the NW was 50 nm. The load of the tip on the NW is calculated by the controller of the AFM tip using Hooke's law with the known spring constant (k) of 155 N/m and the displacement (x) of the tip.The mechanical test of the Ag NW was recorded on video using a CCD camera coupled to the microscope with recording speed of 15 frames per second (fps). The NW rested on the gold bondwire, and was finely approached towards the AFM tip at a 0.5 nm step by means of the piezotube. A detailed review about the strain/rate and displacement is reported by Greer et al [31] in which the plasticity study is analyzed after the elastic deformation (100) planes compared with the (111) planes [34] . In our experiment we have applied the load on the planes (100) and the experimental setup corresponds to the simply supported nanowire, the increase in the Young's modulus that we measured experimentally is in agreement with the modulus calculated by He et al in the (001) planes. We have included a schematic representation of the crystalline orientation of the pentagonal silver nanowires in supplementary information as well as the crystalline orientation mapping obtained by precession electron diffraction-assisted automated crystal orientation mapping [35] [36] .
The fracture toughness of the Ag NW can also be calculated. Using the stress intensity fracture of the material(σ F/πa) the critical intensity fracture one can determine the resistance of the NW to until rupture. The fracture is determined by a function of the fraction of the length of a crack over the diameter of the NW √ where c is the length of fracture [37] .
The stress intensity factor of the NW at a fracture length of 19 nm as shown in Figure 3 at five different points of the nanostructure; the tensile modulus in each plot was obtained using a customized MATLAB program with a modified Hertz model that correlate the data of the applied force 'F' and the indentation depth 'δ' of the tip [38] . Figure 4 shows the height profile of a silver nanowire and the elasticity distribution values obtained for the experimental indentations. The Young's modulus attained from direct experiments using a silicon nitride tip was 97.2 ± 10.9
GPa. The bulk modulus for silver is around 81 GPa and reported results on AgNW is 94 GPa for this diameter scale [39] . One of the potential causes for this disagreement may be due to different experimental setup and methods. As the diameter of the nanowire becomes smaller, any imprecision of the dimensions of the specimen may have a significant effect on the obtained values. This includes the pentagonal cross-section geometry of the as synthesized samples and if the bending experiment was realized with the AgNW deposited on a flat surface or fixed only at its ends.
Conclusion
Our observations show the complete mechanical behavior from elastic deformation until fracture of a Silver NW in situ TEM. Because of the method in which the fracture is observed through the TEM, it provides a definite experimental results on the process of rupture as well as live feedback and visual confirmation of the fracture in real time. The experiment showed that the Ag NW in a three point bending test that had a Young's Modulus at 108 GPa. In comparison to the indentation performed using an AFM with the Ag NW on a flat surface without fracture that showed a 97.2 GPa in counterpart with its bulk modulus value of 81 GPa. We can conclude that we measuredstiffer Young's modulus in Ag Nwsuntiltheir fracture performed at individual nanowires.
